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Abstract 
The 1/15 reduced-scale experiments were conducted using the Froude number conservation to investigate smoke diffusion characteristics 
in tunnel fires with natural ventilation. The effects of some factors such as: heat release rate, shaft distance, shaft size, train blockage and 
smoke curtain were studied. A porous bed propane burner, placed on the tunnel floor, was used to simulate the fire source. A series of K-
type thermocouples were used to measure tunnel ceiling smoke temperatures. A hotwire anemometer was used to measure smoke volume 
rate and smoke temperature in the ventilation shaft. The experimental results indicated that all factors, except for the smoke curtain, have 
no major effect on the dimensionless ceiling temperatures in the fire section of the tunnel. Moreover, the fire size and train blockage do 
not have a significant effect on the dimensionless ceiling temperatures in the non-fire section of the tunnel. Nevertheless, the 
dimensionless ceiling temperatures in the non-fire section of the tunnel decreased with the decrease of the shaft distance and the increase 
of the shaft size. When the smoke curtain is used in the tunnel, the dimensionless ceiling temperatures in the fire channel are higher than 
in the case when the smoke curtain is not used. Moreover, there is no smoke in the evacuation channel. The fire size and train blockage do 
not have a considerable effect on the dimensionless temperatures and smoke volume rates in the shaft. Nonetheless, the dimensionless 
smoke temperatures in the shaft decrease with the increase in the shaft distance or the shaft size. Moreover, dimensionless smoke flow 
rates through the shaft increase with the decrease in the shaft distance or the increase in the shaft size. 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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Nomenclature 
cp  heat capacity (kJ/kg K) 
Fr  Froude number 
g  gravity acceleration (m/s2) 
H  tunnel height (m) 
L  characteristic length (m) 
Q heat release rate (kW) 
T  temperature (K) 
v  smoke velocity (m/s) 
V  smoke volume rate (m3/s)
Greek symbols 
ratio of model size to full size 
 density (kg/m3) 
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superscripts 
*  dimensionless value 
Subscripts 
0  ambient environment value 
F  full size tunnel 
M  model size tunnel 
1. Introduction 
The recent catastrophic fire incidents in tunnels around the world have emphasized the serious need to ensure tunnel fire 
safety [1, 2]. To this end, designers have been focusing on developing ventilation strategies to control fire-induced hot 
smoke to provide tenable egress routes. In general, there are two main categories of ventilation modes: mechanical 
ventilation and natural ventilation. Compared to the mechanical ventilation, the natural ventilation scheme utilizes openings 
at the ceiling or top of the walls to extract smoke and hot gases from the tunnels. As such, the natural ventilation scheme can 
save the investment in ventilation equipment and operational costs of fans in the future. Without a doubt, the openings for 
natural ventilation must be designed to ensure life safety while saving construction funds. 
In recent years, a great deal of research has been conducted to investigate tunnel fires with mechanical ventilation 
systems. Concepts such as “critical ventilation”, “smoke backlayering length”, “maximum temperature”, etc., were 
developed as a result of vast research [3-7]. On the other hand, a natural ventilation scheme has not been the subject of 
much of the research. Using a reduced-scale experimental approach and the Computational Fluid Dynamics (CFD) 
technique, Wang [8, 9] investigated the smoke diffusion characteristics in the tunnel fire with natural ventilation. Kashef et 
al. [10] used reduced-scale experiments to investigate the effect of some parameters on ceiling temperatures. They have 
developed, based on the one-dimensional theory, two formulas to predict the ceiling temperatures. 
In this paper, a series of 1/15 reduced-scale experiments was conducted to investigate the effects of some factors on 
smoke diffusion characteristics in tunnel with natural ventilation. These factors included: heat release rate (HRR), shaft 
distance, shaft size, train blockage and smoke curtain to understand. 
2. Reduced-scale experiments 
2.1. Model tunnel system 
A 1/15 reduced-scale tunnel was used in this paper. The model tunnel was 15 m long, 0.7 m wide and 0.32 m high. To 
observe smoke diffusion characteristics, both side walls of the tunnel were made of 5 mm thick toughened glass. The floor 
of the tunnel was made of concrete, 5 cm thick and the ceiling was made of steel, 2 mm thick. To simulate the natural 
ventilation system, four cuboid shafts, made of galvanized iron, were set up on the ceiling in the middle of the tunnel width. 
The reduced-scale tunnel system is shown as Fig. 1. 
 
Fig. 1. The reduced-scale tunnel system. 
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A porous bed burner of 0.158 m in diameter was used to simulate the fire source that was placed on the tunnel floor. The 
distance between the burner and the one tunnel side wall was 170 mm. Propane gas was selected as the fuel. In this paper, 
two different values of HRR of about 5.74 kW and 11.48 kW were used to investigate the effect of HRR on smoke diffusion 
characteristics. 
In this study, two different shaft distances of 2.67 m and 4.0 m were investigated. Moreover, four different shaft sizes 
(length × height) of 0.533 m × 0.267 m, 0.667 m × 0.267 m, 0.800 m × 0.267 m and 0.667 m × 0.133 m were investigated. 
In this paper, the width of all the shafts was a fixed value of 0.167 m. 
In this paper, the model train size was 7 m long, 0.187 m wide and 0.18 m high. As shown in Fig. 2, the train could be 
situated above the fire source to investigate the effect of the train blockage on the smoke diffusion characteristics. 
                                                         
Fig. 2. The train in the tunnel.                                                                                                         Fig. 3. Smoke curtain in tunnel. 
As shown in Fig. 3, the smoke curtain was used to prevent smoke from spreading to the evacuation channel and hence 
provide a safety route for evacuees. In Fig. 3, the evacuation channel and fire channel were defined. 
2.2. Measurements 
To investigate the smoke diffusion characteristics, a series of thermocouples were placed at the tunnel centerline 0.01 m 
under the tunnel ceiling. The distance of two neighboring thermocouples is 0.10 m or 0.20 m. A schematic layout of 
thermocouples is shown as Fig. 4. To simplify descriptions in the later sections of this paper, the fire section and non-fire 
section of the tunnel were defined in Fig. 4. 
 
Fig. 4. A schematic layout of thermocouples situation. 
 
Fig. 5. Measurement points in ventilation shaft. 
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The smoke exhaust through the shafts was measured by a hotwire anemometer. Based on the finite volume method, six 
measurement points were situated on the cross-section in the middle of shaft height direction which is shown as Fig. 5. 
2.3. Scaling law 
The Froude number modeling has been used as the scaling technique in reduced-scale tunnel fire experiments to relate 
model to full-scale. The Froude number represents the ratio of inertia forces to gravity forces, which can be expressed as 
follows: 
2vFr
gL
=
                                                                                     (1) 
Based on the Froude number conservation, the relationships for heat release rate, smoke velocity and smoke temperature 
can be expressed as follows: 
5/2
M FQ Q α=                                                                               (2) 
   
1/2
M FV V α=                                                                               (3) 
M FT T=                                                                                    (4) 
3. Ceiling smoke temperature distributions 
3.1. Dimensionless smoke temperature 
Based on the fire plume theory [11], the dimensionless smoke temperature can be defined as: 
* *2/3
0/ ( )T T Q TΔ = Δ                                                                        (5) 
where: 
* 1/2 2/5
0 0/ ( )pQ Q c T g Hρ=                                                                   (6) 
3.2. The effect of HRR on ceiling temperature 
The fire size is usually represented by the rate of heat that is released by the fire (HRR). The effect of fire size was 
studied under the conditions of a shaft size of 0.667 m × 0.267 m, a shaft distance of 4 m, no train blockage and no smoke 
curtain. The two different fire sizes of 5.74 kW and 11.48 kW were adopted to investigate the effect of fire size on ceiling 
temperature distributions as shown in Fig. 6. As shown in Fig. 5, the ceiling longitudinal dimensionless temperatures for the 
fire size of 11.48 kW were higher than that for the fire size of 5.74 kW in the region before the distance of 0.9 m from the 
fire source. With the longitudinal distance increasing, the temperature difference under the two different fire size decreased. 
However, in the other region, the dimensionless temperatures under the tunnel ceiling were almost the same for the two 
different fire size. This indicates the fire size did not have any effect on the ceiling dimensionless temperature for the tunnel 
region distant from fire source. Nevertheless, for the tunnel region nearby fire source, the ceiling dimensionless temperature 
increased due to the fire source radiation. 
3.3. The effect of shaft distance on ceiling temperature 
The effect of the shaft distance was studied under the conditions of the heat release rate of 11.48 kW, a shaft size of 
0.667 m × 0.267 m, no train blockage and no smoke curtain. Fig. 7 shows the effect of two different shaft distances of 
2.67 m and 4 m on the ceiling dimensionless temperatures. In Fig. 7, we can see that the ceiling dimensionless temperatures 
were almost the same in the fire section, but for the given distance from the fire source ceiling, dimensionless temperatures 
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increased with the shaft distance increasing in non-fire section. This is because the condition of the shorter shaft distance, 
the smoke flow rate through the shaft was higher, which lead to the temperatures in the non-fire section to decrease. 
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Fig. 6. The effect of fire size on ceiling temperatures for (a) fire section and (b) non-fire section. 
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Fig. 7. The effect of shaft distance on ceiling temperatures for (a) fire section and (b) non-fire section. 
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Fig. 8. The effect of shaft size on ceiling temperatures for (a) fire section and (b) non-fire section. 
3.4. The effect of shaft size on ceiling temperature 
The effect of the shaft size was studied under the conditions of the heat release rate of 11.48 kW, the shaft distance of 
4 m, no train blockage and no smoke curtain. The effect of the shaft size on the ceiling temperatures is shown in Fig. 8. It 
can be seen in Fig. 7 that the ceiling dimensionless temperatures were almost the same in the fire section, but the ceiling 
dimensionless temperatures decreased with the increasing shaft size in the non-fire section. This indicates that the larger 
shafts have the advantage of better exhausting smoke while not having considerable effect on fire plume entrainment. 
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3.5. The effect of train blockage on ceiling temperature 
The effect of train blockage was studied under the conditions of the heat release rate of 11.48 kW, the shaft size of 
0.667 m × 0.267 m, the shaft distance of 4 m and no smoke curtain. The effect of train blockage on ceiling temperatures is 
shown in Fig. 9. It can be observed in Fig. 9 that the train blockage had insignificant effect on the ceiling temperatures. This 
is due to the fact that the ratio of the train blockage cross-sectional area to the tunnel cross-sectional area was very small and 
the smoke diffusion process was above the model train in the tunnel fires. 
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Fig. 9. The effect of train blockage on ceiling temperatures for (a) fire section and (b) non-fire section. 
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Fig. 10. The effect of the smoke curtain on the ceiling temperatures for (a) fire section and (b) non-fire section. 
3.6. The effect of smoke curtain on ceiling temperature 
The effect of the smoke curtain was studied under the conditions of the heat release rate of 11.48 kW, the shaft size of 
0.667 m × 0.267 m, the shaft distance of 4 m and no train blockage. The smoke curtain can be used to prevent smoke from 
spreading to evacuation channels in tunnel fires. In the reduced-scale experiments, the smoke in the evacuation channel was 
not affected by the smoke curtain. The ceiling temperatures in the fire channel were measured as shown in Fig. 10. Fig. 10 
shows that the ceiling temperatures in the fire channel were higher than those observed in the tunnel fires when the smoke 
curtain was not used. However, the smoke curtain in the tunnel can provide a non-smoke evacuation channel for escape. 
4. Smoke exhaust through natural ventilation shaft 
4.1. Dimensionless smoke volume rate 
Based on the fire plume theory [11], the dimensionless smoke volume rate can be defined as: 
*
1/2 5/2 *1/3
VV
g H Q
=
                                                                             (7) 
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4.2. The effect of fire size on smoke exhaust 
To investigate the effect of the fire size on the smoke exhaust through a natural ventilation shaft, the dimensionless 
smoke parameters in the shaft, under a fire size of 5.74 kW, were plotted against the dimensionless smoke parameters in the 
shaft under a fire size of 11.48 kW as shown in Fig. 11. It can be seen in Fig. 11 that the smoke parameters were in the 45 
degree line. This indicates that the fire size does not have the effect on the dimensionless smoke volume rate and 
dimensionless smoke temperature in the ventilation shafts. 
(a) 
0.3 0.4 0.5 0.6 0.7
0.3
0.4
0.5
0.6
0.7
V
*  
un
de
r t
he
 fi
re
 si
ze
 o
f 1
1.
48
 k
W
V* under the fire size of 5.74 kW              (b) 
0.1 0.2 0.3 0.4
0.1
0.2
0.3
0.4
T*
 u
nd
er
 th
e 
fir
e 
si
ze
 o
f 1
1.
48
 k
W
T* under the fire size of 5.74 kW  
Fig. 11. The effect of fire size on smoke exhaust for (a) smoke volume rate and (b) smoke temperature. 
4.3. The effect of shaft distance on smoke exhaust 
The effect of the shaft distance on the smoke exhaust through the natural ventilation shaft is shown in Fig. 12. The 
dimensionless smoke volume rate and dimensionless smoke temperature in the shaft decreased with the shaft distance 
increase. This can be attributed to the fact that the smoke diffusion distance from the fire source to the ventilation shaft 
increased with the shaft distance, hence, resulting in the decrease in smoke temperature around the shaft. 
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Fig. 12. The effect of the shaft distance on the smoke exhaust for (a) smoke volume rate and (b) smoke temperature. 
4.4. The effect of shaft size on smoke exhaust 
The effect of the shaft size on the smoke exhaust through the ventilation shaft is shown in Fig. 13. The x-axis in Fig. 13 
represents the dimensionless smoke parameters under a shaft size of 0.667 m × 0.267 m (length × height), and the y-axis 
represents the dimensionless smoke parameters under the other shaft sizes such as 0.533 m × 0.267 m, 0.800 m × 0.267 m, 
0.667 m × 0.133 m. In Fig. 13, it can be observed that the dimensionless smoke volume rate increased while the 
dimensionless smoke temperature decreased with the shaft size. The larger shafts are better at extracting smoke. 
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Fig. 13. The effect of the shaft size on smoke exhaust for (a) smoke volume rate and (b) smoke temperature. 
4.5. The effect of train blockage on smoke exhaust 
The dimensionless smoke parameters in the shaft, under the effect of train blockage, were plotted against the 
dimensionless smoke parameters in the shaft under the general tunnel as shown in Fig. 14. Fig. 14 shows that the smoke 
parameters were in the 45 degree line. This indicates that the train blockage did not have effect on the dimensionless smoke 
volume rate and dimensionless smoke temperature in the ventilation shaft. 
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Fig. 14. The effect of the train blockage on smoke exhaust for (a) smoke volume rate and (b) smoke temperature. 
5. Conclusions 
Based on the fire plume theory, the dimensionless smoke temperature and volume rate were defined. A series of 1/15 
reduced-scale experiments was conducted to investigate the ceiling temperature distribution characteristics and smoke 
exhaust characteristics through shafts in tunnel fires with natural ventilation schemes. The conclusions are as follows: 
(1) The fire size and train blockage did not have a significant effect on the dimensionless ceiling temperature 
distributions in the tunnel. Moreover, the shaft distance and shaft size had no effect on the dimensionless ceiling 
temperatures in the fire section of the tunnel. However, the ceiling temperatures decreased with the shaft distance decrease 
or shaft size increase in the non-fire section of the tunnel.  
(2) When the smoke curtains were set up in the tunnel, the dimensionless ceiling temperature distributions in the fire 
channel were higher than in the general tunnel. In this case, the smoke curtain prevented the smoke from spreading into the 
evacuation channel. 
(3) The fire size and train blockage had no effect on the dimensionless smoke parameters in the natural ventilation shafts. 
However, the dimensionless smoke temperatures in the shafts decreased with the shaft distance or shaft size increase. 
Moreover, dimensionless smoke volume rates through shafts increased with the shaft distance decrease or shaft size increase. 
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